In organic solar cells charge-transfer (CT) states at the interface between electron donor (D) and electron acceptor (A) materials play a major role in both exciton-dissociation and charge-recombination processes. [1] [2] [3] [4] Both processes are key for the performance of the photovoltaic cells and have therefore received significant attention from both experimental and theoretical sides.
While Density functional theory (DFT) is a method of choice for many quantum-mechanical applications, obtaining an accurate theoretical description of the interfacial CT states by means of DFT methods, remains challenging. Standard semi-local and global hybrid exchange-correlation functionals do not provide the correct evolution of the long-range Coulomb interactions and result in a spurious self-repulsion of charge densities. [5] [6] [7] [8] A proper description of the asymptotic, 1/r, dependence can be obtained with range-separated hybrid (RSH) functionals. 9 In the case of long-range corrected (LRC) functionals, a simple separation of the electron-electron interactions is based upon: ,
where ω corresponds to the range-separation (RS) parameter. Here, Hartree-Fock (HF) exchange is employed to treat the long-range exchange (first term to the right of Eq. 1) while a local or semi-local DFT functional is used to treat the short-range exchange (second term to the right of Eq. 1).
It was shown that RSH functionals provide the best results for a given system when the RS parameter is optimally tuned. Several physically motivated tuning conditions are used in the literature. For instance, a widely used non-empirical tuning procedure is based upon minimizing the difference between the energy of the highest occupied molecular orbital (HOMO) and the first ionization potential (IP). 10, 11 The tuning procedures usually employ the results derived for an isolated system (in vacuo);
we will refer to this approach below as DFT/ω(vac).
Our recent studies on pentacene/C 60 complexes 12, 13 show that the CT energies calculated with default-ω LRC functionals could be as large as 3 eV (i. we refer to this approach as DFT/ω(PCM)/PCM. However, the soundness of such a DFT/ω(PCM)/PCM approach has been questioned. 21, 22 For instance, it was found that this approach underestimates the energies of intra-molecular CT states. More recently,
de Queiroz and Kümmel 23 proposed an approach that explicitly includes the solvent molecules into the tuning procedure. While this approach is more accurate than the DFT/ω(PCM) approach, it is also more computationally demanding. We also note that The geometries of the isolated pentacene and C 60 molecules were optimized at the B3LYP/6-31G(d,p) level. Following our previous studies, the optimized molecular geometries of pentacene and C 60 were used to construct an "edge-on" pentacene/C 60 (P/C 60 ) model complex with center-to-center intermolecular distance of 13Å (see Figure 1 ). The excited-state transition energies and oscillator strengths were obtained by means of both full time-dependent DFT (TDDFT) calculations and TDDFT calculations based on the Tamm-Dancoff approximation (TDA-TDDFT). [24] [25] [26] In addition, the lowest CT energy of the P/C 60 complex was obtained by means of a constrained DFT (CDFT) approach. 27, 28 The impact of HF exchange was also investigated by using the αPBE functional, based on the original PBE functional, 29, 30 following the simple hybrid scheme proposed by Adamo and Barone:
where α = 0.25 corresponds to the PBE0 functional.
The DFT calculations were performed for an isolated complex (in vacuo) and in the presence of a dielectric medium using the polarizable continuum model (DFT/PCM). A dielectric constant ε=3 was used in all DFT/PCM calculations. The excited-state calculations were performed using the ωB97X-D 32 and BNL 19, 33 LRC functionals with the 6-31G(d,p) basis set. All DFT calculations were performed with the Q-Chem 4 package.
34,35
The ω value was optimized by minimizing the expression J(ω):
Here, E HOMO and E LUMO denote the energies of the HOMO and LUMO (highest occupied and lowest unoccupied molecular orbitals); IP and EA are the vertical first ionization potential and electron affinity of the system, respectively.
Since the calculations using the ωB97XD and BNL functionals yield very similar results, only the ωB97XD results are discussed hereafter (the results derived on the basis of the BNL functional can be found in the Supporting Information (SI, Table S1 ).
The tuned values of ω for the ωB97XD functional are listed in Table 1 . In agreement with earlier work, 21 the values of RS parameter calculated at the DFT/ω(PCM)/PCM level, are much smaller (about 7 times) than those tuned for the isolated systems (DFT/ω(vac) level). The computed HOMO and LUMO energies of both molecules and of the P/C 60 complex are shown in Figure 1 . As seen from this figure, the account of the interaction with the dielectric environment has only a marginal affect (see also Table S2 in SI) on the frontier orbital energies when the ω(vac) parameters are used. However, the calculations at the DFT/ω(PCM)/PCM level lead to a significant change (1 eV or larger) in the orbital energies, which is consistent with the experimental data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 The energies of the lowest excited state of pentacene, C 60 , and the P/C 60 complex derived at both TDDFT and TDA-TDDFT levels, are shown in Table 2 . The experimental value for the pentacene lowest excited singlet state (S 1 ) energy is about 2.10 eV in solution, 38 1.85 eV in the solid state, 39,40 and 2.31 eV in the gas phase. 41 The fluorescence spectra for an isolated C 60 molecule suggest that the origin of the S 0 →S 1 transition is at ca. 1.94 eV; 42 in the solid state, this value reduces to 1.7 eV. 43 The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 course related to the fact that the RS parameters used for the isolated system and for the system imbedded in a dielectric medium are substantially different.
In order to get a better understanding of the role that the interplay between the medium effect and the choice of the RS parameter plays on the system energetics, we illustrate in Figure 2 21, 22 shows that the interaction with the dielectric medium (at least in the PCM approach used here) has only a minor effect on the orbital energies for all values of ω (the red and black lines corresponding to the HOMO and LUMO values are basically superimposed in Figure 2) ; however, the dielectric medium has a significant effect on, and markedly shifts the IP and EA values. In contrast, the orbital energies depend very strongly on the value of the RS parameter while the IP and EA show only a moderate dependence on ω. It is clear that these results originate from the change in the amount of HF exchange when ω is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13
It is also useful to note that, in order to account for the solid-state environment, Phillips et al. 46 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 eV for the CT energy in the presence of dielectric medium, which is close to the value of 1.24 eV derived at the TDDFT/ω(PCM)/PCM level. The energies of the CT states shown in Figure 5 are largely overestimated. We note that they strongly depend on the amount of electron transferred from donor to acceptor and decrease as this amount decreases, see Figure S1 in the SI. and CT energies are derived at the ∆SCF level, they show a correct stabilization due to the interaction with the dielectric environment. In the framework of the LRC functionals, these quantities can be derived by using the same RS parameter for both the isolated system and the system embedded in a dielectric medium. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 In this work, we investigated the performance of a combined density functional theory/polarizable continuum model (DFT/PCM) approach in describing the energetics of charge-transfer states in donor/acceptor complexes. In particular, we compared the results derived by means of long-range corrected functionals with range-separated parameters optimally tuned both in vacuo and in the presence of a dielectric medium.
Our results indicate that when the ionization potential, electron affinity and charge transfer (CT) state energies are derived by means of a ∆SCF approach, the energy stabilization of these quantities due to the interaction with the dielectric environment is correctly described. However, we found that conventional time dependent (TD)
DFT/PCM approaches fail in describing the impact of electron polarization on the CT states. We attribute this result to the fact that the orbital energies computed with and without inclusion of the interaction with the dielectric medium are nearly identical.
However, these energies are strongly dependent on the amount of Hartree-Fock (HF) exchange included in the DFT functional. In a donor/acceptor system, a decrease in the amount of HF exchange results in a decrease in the HOMO-LUMO gap and, as a consequence, in the lowering of the CT energies. In the case of long-range corrected functionals, the amount of HF exchange can be controlled by adjusting the range-separated parameter. Therefore, in order to lower the HOMO-LUMO gap and the energy of the CT states, a smaller range-separated parameter needs to be considered when going from an isolated molecule or complex to the solid state. Finally, we note that, while our results point out that CT excitations in the P/C 60 complex can be 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
